Abstract. Accurate monitoring of flow instabilities, which can occur when nonaqueous phase liquids (NAPLs) flow through porous media, is an important component of predicting the transport and fate of these compounds in the subsurface. In particular, flow situations in which three mobile phases (such as water, NAPL, and air) exist in the porous media are inherently complex. Unfortunately, the relatively low source intensities and the nontunable source energies make traditional dual gamma techniques unsuitable to study flow instabilities which can change within seconds. We present an alternate technique, which uses synchrotron X rays from the Cornell High Energy Synchrotron Source (CHESS) to measure three-phase fluid saturations on the time scale of seconds. Using the harmonic content resulting from X ray diffraction, we obtained a high-intensity X ray beam consisting of distinct tunable energies. Three-phase saturations were measured on 5-s timescales during fingering of light NAPL into regions of dry and water wet sandy soil. In the water wet soil the oil finger was less saturated, slower, and wider than the same finger in the dry soil. The results yield insights into the nature of three-phase preferential flow.
Introduction
Accurate measurements of multiphase flow in porous media are needed to understand and model subsurface transport of contaminants such as nonaqueous phase liquids (NAPLs). In particular, flow instabilities and the subsequent preferential flow patterns can dramatically affect the fate of NAPLs and the subsequent attempts at remediation. For quantitative studies of preferential flow it is imperative to obtain fast, accurate, and nondestructive measurements of various fluid saturations within the porous media. Nondestructive measurements of multiphase saturations can be achieved using dual-energy gamma radiation systems, but these techniques have been limited in speed [Oostrom et al., 1995] .
Attenuation of high-energy electromagnetic radiation, such as X and gamma rays, is directly related to the amount of fluid or solid in the path of the radiation, thus providing a means to obtain nondestructive fluid saturation measurements. Radiation sources and techniques have progressed over the years, providing quicker and more accurate saturation measurements. Decays of radioactive elements such as cesium (Cs) and americium (Am) produce monochromatic gamma rays, and the elements have been used as portable radiation sources for field and laboratory measurements [Hillel, 1980] . Combining and collimating Cs and Am sources allows them to be used for three-phase measurements [Nofziger and Swartzendruber, 1974; Hopmans and Dane, 1986; Ferrand et al., 1986; Lenhard et al., 1988; Illangasekare et al., 1995] . Recently, McBride and Miller [1994] have developed a technique that obtains dual energies from an X ray tube. Both sources can yield accurate threephase saturations but only over long timescales as enough photon counts are needed to overcome the random errors associated with counting statistics [Gardner et al., 1972; Oostrom et al., 1995] . Recently, synchrotron radiation sources have also been used for nondestructive measurements. The greater than 10,000-fold intensity increase over tube sources and radioactive elements produces fast two-phase saturation measurements and allows preferential flow to be precisely monitored in real time [Liu et al., 1993] .
In the first part of the paper, we present a general procedure for obtaining and using dual energies from a synchrotron X ray source. This procedure has been used to simultaneously measure water, NAPL, and air saturations in a sandy soil. For saturation data taken in 5-s time intervals, the measured variance in the volumetric content is approximately 0.01 cm 3 /cm 3 , which is comparable to the destructive oven drying technique. This technique can be applied to produce fast, precise monitoring of any three phases in porous media. In the second part of the paper, we present and analyze the saturations obtained when a light NAPL, hereafter referred to as oil, infiltrates through dry and partially water wetted soil.
Theory
For monochromatic radiation the attenuation of highenergy radiation is linearly related to the material within the radiation's path [Cullity, 1956] ,
where A is the measured attenuation defined as the natural logarithm of the transmitted intensity T, divided by the incident intensity I. The sum is over each material in the radiation's path, where U is the attenuation constant and x is the cumulative thickness of each material. The attenuation constants depend on the atomic constituents of each material and the energy of the radiation. In general, the attenuation decreases with increasing radiation energy and decreasing atomic
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Paper number 96WR03958. 0043-1397/97/96WR-03958$09.00 number, with the exception of abrupt attenuation increases at atomic K and L electron energy levels. Substituting in the relevant materials for multiphase measurements in a porous media of total thickness x,
Here x is the thickness of the experimental chamber, are the volumetric saturations, and the subscripts w, o, and s denote the water, oil (or NAPL), and soil phases, respectively. Attenuation by the chamber walls and the air between the detectors is given by the constant U c . The term D is a constant offset that occurs if relative rather than absolute intensities are measured. Attenuation by the air inside the chamber can be considered negligible. In two-phase flow situations where there is only one independent quantity, for example, water and air in a partially saturated soil, the equation can be inverted to yield the fluid saturations in terms of the measured attenuation,
where A 0 is the attenuation measured for the dry soil. Notice that only changes in the attenuation enter into the fluid determination, and knowledge of the individual contributions of D and U c to the attenuation is unnecessary. In three-phase flow situations where three saturations are variable (water, oil and air, or water, soil and air), another independent measurement is needed to characterize the system. This can be provided by measuring the attenuation of radiation of a different energy. In a sample in which saturations of water, oil, and air are variable, the fluid saturations can be determined from the attenuation of the high ( A H ) and low ( A L ) energy radiation,
where the subscripts H and L denote the high-and low-energy attenuation constants and A H0 and A L0 are the high and low attenuations for the dry sand, respectively. These are the saturation equations for any dual-energy attenuation apparatus. The advantages of synchrotron radiation can be demonstrated by studying the sources of variance in the above equations. The variance of the fluid saturations consists of systematic variances due to uncertainties in attenuation constants, dry attenuations, and chamber thickness, and temporal variances due to the finite counting times for the detectors. The systematic variances can be minimized by careful calibration, and the variance is typically dominated by the temporal variance [Oostrom et al., 1995] . Using Poisson statistics for the detectors, photon intensities of R H and R L (photons per second), and a counting time of t (seconds), the variance of the attenuations are
For synchrotron sources the variance is typically twice this amount as counting uncertainties apply to both the incident and transmitted intensities. Using error propagation formulas, the variance in the fluid saturations can be calculated [Oostrom et al., 1995] ,
Var
Variances can be decreased by either increasing the counting times, the countable photon flux, or the denominator of the third term. For conventional dual gamma sources, long counting times are typically used for increasing precision. The high flux and tunable energies available at synchrotron sources allow the second two factors to be increased dramatically, thus lowering the variance, and decreasing the necessary counting times. For dual-energy attenuation measurements, the advantages of large photon fluxes are more subtle than a brute increase in the counting rates. Typically, large photon fluxes allow ion chambers to be used as detectors for attenuation measurements. Ion chambers detect ionization currents produced when X rays are passed through an inert gas, and when used with synchrotron source fluxes are free from counting statistics associated with individual photon detectors. Unfortunately, the lack of energy resolution precludes ion chambers from being used for dual energy attenuation measurements. Scintillation or solid state detectors are still needed, both of which give linear results up to a maximum photon flux, but at a synchrotron source the detectors can be configured to run at their maximum rates for a wealth of experimental situations.
The advantages of tunable energies and attenuations are much greater than the pure increase in intensity. The attenuation of each fluid can be increased in a number of ways; doping the fluids with heavy elements, increasing the path length, or using lower energy X rays. For conventional radiation sources, fluid doping is often used, but any method of increasing the attenuation is limited as it cuts into the detected count rate. For synchrotron sources, increasing the attenuation is less limited as the large incident intensities assure plenty of transmitted photons. Also, in some situations the thickness of the chamber and fluid contents are fixed. In this case, the attenuations can be optimized by altering the energy of the X rays. This is impossible for conventional sources, but the white light emitted by synchrotron sources allows a choice from a continuum of X ray energies.
Most importantly, precision can be increased by selecting the X ray energies such that the specific oil and water attenuations combine to yield a large value for the denominator of the third term. This result is achieved if one fluid preferentially attenuates the low-energy X ray and the other fluid preferentially attenuates the high-energy X ray such that U WL U OH Ͼ Ͼ U WH U OL . This situation occurs only when an element within one of the fluids has an absorption edge between the two working energies. The selection of energies above and below absorption edges is again trivial for synchrotron sources.
Materials and Methods
Figure 1 depicts a schematic diagram of the apparatus used on the F-2 beam line at the Cornell High Energy Synchrotron Source (CHESS). CHESS is a National Science Foundation funded synchrotron facility open to outside users through peer reviewed proposals (CHESS Facility Description, available at http://www.chess.cornell.edu, 1995). The initial white X ray beam is reflected off a double-bounce Si(220) monochromator, producing a beam of two distinct energies. The multipleenergy beam entered the experimental hutch where it passed through a set of tantalum slits which defined a beam size of 1 mm vertical ϫ 8 mm horizontal. Subsequently, the beam passed through a nitrogen-filled ion chamber, 70 cm of open air, the sample chamber, and another 70 cm of open air before hitting the beam stop at the end of the hutch. X ray intensities were measured with scintillation detectors pointing down at the X ray beam. The incident detector was placed 33 cm before the sample chamber, and the transmitted detector was placed 40 cm after the sample chamber. The individual components of the apparatus are discussed in detail below.
Synchrotron Radiation
When relativistic charged particles are bent around a synchrotron ring they emit well-collimated X rays of a broad energy (white) spectrum. This is in contrast to radioactive decay sources which emit X rays with a well-defined fixed energy, and X ray vacuum tube sources which emit both X rays with a well-defined energy (corresponding to the characteristic emission lines of the target metal) and a low-intensity, broad energy, X ray background (bremsstrahlung). At the F-2 line at CHESS the radiation intensity is roughly constant from 9 to 40 keV and only drops by a factor of 2 at 60 keV (CHESS Facility Description, 1995) . For absorption measurements the white radiation can be made monochromatic by diffraction from a pair of perfect silicon crystals. The wavelength of the X rays diffracted by the first crystal is dependent on the distance between the lattice planes d and the incident X ray angle , through Bragg's law [Cullity, 1956] ,
where n is an integer. This wavelength is related to the X ray energy,
where h is Planck's constant and c is the speed of light. The energies of the X ray beam can be varied by varying the angle of the monochromator. The second silicon crystal is placed below and downstream of the first crystal and set to an identical angle. This standard dual monochromator setup allows the energies to be varied without varying the spatial position of the beam. The fundamental energy corresponding to n ϭ 1 is the strongest reflection and typically the only one used. The higher harmonic energies, corresponding to n ϭ 2, 3, 4, ⅐ ⅐ ⅐ , are of lower intensity due to the smaller band pass of the monochromator crystal at higher-order crystal reflections (the band pass scales as approximately n Ϫ2 ), and from the lower flux at higher energies in the incident beam. Harmonic energies are usually only observed at synchrotron facilities due to the broad energy spectra of the incident beam. In fact, harmonic energies are typically a nuisance as they destroy the monochromaticity of the beam, and various techniques can be used to suppress them. For dual-energy attenuation measurements the harmonics are extremely useful, as they can provide a simultaneous second (and possibly third!) attenuation measurement.
In our experiment we used a fundamental energy of 20 keV, but 12.5 keV was also tested in order to determine the most robust energy setting. When tuned to 20 keV, the low-and high-energy X rays were 20 and 40 keV, respectively. When tuned to 12.5 keV, the fundamental energy was eliminated by placing a 0.3-cm-thick aluminum plate in the beam path, and the low-and high-energy X rays were 25 and 37.5 keV, respectively. In either case, the energies were chosen to be above and below Iodine's absorption edge at 33.2 keV. As measured by the ion chambers, typical initial intensities were 10 11 photons/s for the low-energy beam, and 10 10 photons/s for the highenergy beam.
X ray Detection
As the X ray intensity is not constant for synchrotron sources, the incident and transmitted intensities of both energies must be accurately measured. Detection methods must have adequate energy resolution, enough counts for good statistics, and not destroy the incident beam. Also to reduce systematic errors, it is useful if the incident and transmitted detectors are of the same type.
We have used Na I(Tl) scintillation detectors, which count individual X ray photons at rates up to 10 6 counts/s with an energy resolution of 40% [Thompson, 1986] . Since the intensity of the beam was so great, the detectors were placed above the beam and pointed down at the passing beam. In this fashion, the detectors counted the X ray photons which were vertically scattered from the beams by the air in the hutch. Scattering by the air consists of elastic (Rayleigh) and inelastic (Compton) processes [Cullity, 1956] . At the working photon energies the energy loss due to 90Њ Compton scattering is less than 1 keV, much less than the difference in photon energies and the energy resolution of the detectors. More importantly, both processes are linear with the X ray intensity. To control the magnitude of the scattered flux into the detector a lead aperture and an aluminum attenuator were placed in front of each detector. The low-and high-energy photon flux scattered into the detectors are given by
where I DL and I DH are the low and high X ray intensities into the detector, I L and I H are the low and high intensities of the beam below the detector, is the air scattering cross section and is a function of scattering angle (90Њ in this case) and X ray energy E, ⍀ is the solid angle of the aperture, U A is the attenuation constant (cm Ϫ1 ) of the attenuator in front of the detector and y is the thickness (centimeters) of the attenuator. Since the aluminum preferentially attenuates the low-energy X ray, by adjusting the attenuator thickness y and the aperture size ⍀, we were able to obtain roughly 15,000 counts/s of highand low-energy photons scattered into each detector. To eliminate stray radiation from entering the detector a circular lead flight tube was attached to the front of each detector. The incident detector was placed 10 cm above the beam, had a 3-cm flight tube, a 1.2-cm circular aperture, and a 0.6-cm-thick aluminum attenuator. The transmitted detector was placed 8.5 cm above the beam, had a 7-cm flight tube, a 2.2-cm circular aperture, and no attenuator. Throughout each experiment the configuration of the detectors was not altered as this would change the proportionality constants and destroy any previous calibration.
The output of each scintillation detector was fed through an attached preamplifier followed by a variable gain spectroscopy amplifier. The gains of the spectroscopy amplifiers were set such that the electronic pulses of average heights 3.4 and 6.8 V were produced for the 20 and 40 keV photons, respectively. The output from each amplifier was split and fed into two separate single channel analyzers, one analyzer recorded pulses between 2.5 and 4.5 V as 20 keV photons, the other recorded pulses between 5.2 and 7.7 V as 40 keV photons.
For any dual gamma setup there is a finite chance that a high-energy photon may elicit a detector response which will be counted in the low-energy photon bin, and vice versa. The sources of this "cross-binning" are different for synchrotron X rays than for traditional dual gamma apparatus and are worth discussing. In a traditional dual gamma apparatus using Am and Cs sources, the "cross-binning" is due to Compton scattering. When a 660 keV enters the scintillation detector, it may be Compton scattered out of the detector, leaving behind a Compton electron with energy ranging from 0 to 477 keV. The Compton electron subsequently produces scintillation light, resulting in a broad low-energy tail in the detected energy spectra. If the Compton electron happens to acquire 60 keV of energy, it will be detected as a 60 keV photon and will be mistaken for a Cs photon. For the lower photon energies used here, Compton scattering inside the detector does not cause errant readings. The maximum Compton electron energy created by a high-energy 40 keV photon is 5 keV, which will not be counted as a low-energy 20 keV photon. Instead the more likely source of cross-binning at these energies is due to the statistical spread in the small amount of primary electrons produced for each X ray, resulting in an energy full width at half maximum (FWHM) of 40%. Thus there still exists a finite chance that a 40 keV photon will produce a response in the detector that would be fit into the bin reserved for counting 20 keV photons. For our experimental parameters the expected chance of a high-energy photon being counted as a low-energy photon, and vice versa is approximately 1%. As shown in the appendix, the cross-binning creates an additional variance of 1% in the fluid concentrations.
Sample Chamber and Fluids
The sample chamber had 0.94-cm-thick polycarbonate walls and interior dimensions of 30 cm wide ( x direction), 0.94 cm thick ( y direction), and 55 cm tall ( z direction). Attached to the bottom end was a manifold of five fluid ports, and the top end was left open to the atmosphere. The chamber was filled with clean, dry, sieved, quartz sand (Unimin Corporation) using a dual randomizing funnel. Grain sizes used were 12/20, 20/30, and 30/40, where the numbers correspond to the sieve sizes the sand passes through and does not pass through, respectively. To measure the fluid saturations at many points, the chamber was mounted on a movable platform which had a horizontal and vertical range of 25 and 50 cm, respectively, and a position repeatability of 0.01 cm.
Distilled water doped with 50 g/L NaBr and FD&C blue dye was used for the aqueous phase, and Soltrol 220 (Phillips Company) doped with 77 g/L iodoheptane (Aldrich Chemical Company) and a red Sudan IV dye was used for the oil phase. Soltrol 220 has been widely used to study NAPL behavior [Schroth et al., 1995] . The addition of the dopants raised the specific gravities of the fluids slightly to 0.825 and 1.040 g/cm 3 , for the oil and water phases, respectively. Measured changes in the surface tensions were less than 1 dyne/cm (du Nouy ring method), with surface tensions of 28 and 72 dynes/cm for the oil and water phases, respectively, and an interfacial tension of 32 dynes/cm. Thus the oil phase was a spreading NAPL. Fluid attenuation constants were obtained using a polycarbonate chamber with five sequential cells of thickness 0.56 cm [Lenhard et al., 1988] . The attenuation was measured for the empty chamber and after each cell was filled with either fluid. The measured attenuations were linear with fluid thickness, except at the highest thickness (corresponding to 2.8 cm of fluid, or a volumetric saturation of 3.00 cm 3 /cm 3 ) where the transmitted count rates were smallest. Attenuation constants were calculated from the slope of the attenuation versus thickness curve. Table 1 lists the measured attenuation constants and their precision.
To test the precision and speed of the technique and to observe unstable three-phase flow, the saturations within an oil finger penetrating partially water saturated soil were measured. Initial attenuations of the dry sand-packed chamber were measured at various positions throughout the chamber. The chamber was then filled from below with water at a rate of 30 mL/min to a height of z ϭ 40 cm, and subsequently drained at a rate of 20 mL/min until the water fringe was at a height of z ϭ 12 cm. The chamber had three distinct regions, below z ϭ 12 cm the sand pack was water saturated ( s ϭ 0.37 cm 3 / cm 3 ), between z ϭ 12 cm and z ϭ 40 cm the sand was drained to the residual water saturation ( R ϭ 0.05 cm 3 /cm 3 ), and above z ϭ 40 cm the sand was dry. Oil was applied through a point source at the top of the chamber at a rate of 4 mL/min. A finger formed which moved quickly through the dry sand, and slowly through the partially wet sand before finally hitting the water table and spreading laterally. Figure 2 presents a sketch of the chamber during the finger infiltration. Temporal fluid saturations were measured in the water unsaturated and partially water saturated regions at positions z ϭ 45 cm and z ϭ 30 cm, respectively, as the finger traversed these regions. Horizontal profiles of the finger were taken at z ϭ 30 cm when the finger saturations had reached steady state.
Results and Discussion

Time Resolution
Figures 3 and 4 show the measured fluid saturations as the oil finger penetrated the initially dry and partially water saturated 20/30 sand, respectively. To resolve the tip of the finger passing through the observed region, attenuation data were accumulated over 5-s intervals. The predicted variances in the fluid contents due to the finite counting times can be calculated from (8) and (9). Even for the 5-s counting times the variances are only 0.01 cm 3 /cm 3 and are depicted by the error bars in Figures 3 and 4 . The scatter in the data roughly matches the predicted variance, implying that the expected precision has been achieved, and that the counting statistics are the precision limiting factor.
Figures 5 and 6 show the measured fluid saturations as the oil finger penetrated the initially dry and partially water saturated 30/40 sand, respectively. Data were accumulated over 3-s intervals, yielding slightly higher variances, but greater time resolution than for the results in Figures 3 and 4 . The scatter in the data is slightly larger than expected from counting statistics, and was most likely caused by temporary cooling problems with the monochromator crystal.
It is instructive to compare the precision and speed of the above synchrotron X ray technique and other dual energy techniques. Using Am and Cs sources, Nofziger and Swartzendruder [1974] obtained a water precision of 0.01 cm 3 /cm 3 when counting for 5 minutes, and 0.04 cm 3 /cm 3 when counting for 5 s. Oostrom et al. [1995] obtained water and oil precisions of better than 0.01 cm 3 /cm 3 when counting for 60 s, with slightly worse precisions for a counting time of 30 s. Studies [Okuda et al., 1996; Imhoff et al., 1996] using the X ray vacuum tube apparatus described by McBride and Miller [1994] have reported precisions of 0.0024 cm 3 /cm 3 for porosity and 0.005 cm 3 /cm 3 for PCE saturation when counted for 6 s three separate times. It is unclear if this reported accuracy is from a dual-energy measurement or a single energy measurement, the latter of which is inherently more accurate, as the attenuations do not have to be decoupled. These comparisons are only rough as all the studies have used different fluids, dopants, and chamber thickness.
One of the strengths of the synchrotron technique can be seen from a comparison of Figures 4 and 6. In three-phase studies it can be important to know which phase is forced out Figure 2 . Front view of the experimental chamber during an oil infiltration. The oil was applied from a point source at the top and the water from the manifold of ports at the bottom. Initially, below z ϭ 12 cm the sand pack was water saturated ( s ϭ 0.37 cm 3 /cm 3 ), between z ϭ 12 cm and z ϭ 40 cm the sand was drained to the residual water saturation ( R ϭ 0.05 cm 3 /cm 3 ), and above z ϭ 40 cm the sand was dry. The initial approximate water content as a function of depth is sketched on the right. The finger became wider and slower when it entered the partially water saturated sand. Oil and water saturations were observed as a function of time at z ϭ 45 cm and z ϭ 30 cm. (8) and (9), and they roughly match the scatter in the data. The rapid rise of the oil content can be easily discriminated, and the oil level approaches saturation. of a region when a third phase enters the region [Kao and Hunt, 1996] . For the 20/30 sand the water content remains constant as the oil finger passes implying that only air leaves the volume, but in 30/40 sand the water content is driven down slightly by the arrival of the oil finger. These small and fast saturation changes are easily observed. Figure 7 shows the measured horizontal profile of the oil finger in 30/40 sand. In this case, the measured variance was much greater than expected for counting statistics. This variance was even greater in the coarser 12/20 and 20/30 sands. The extra scatter was most likely due to the variations in the soil attenuation A 0 . The soil volume sampled by the X rays was only 0.08 cm 3 , which was not much greater than the average grain size volumes for the 12/20 and 20/30 sand. Thus the sand density and porosity fluctuates on this length scale, causing fluctuations in the dry soil attenuation. If the sand settles and shifts slightly when wetted, the sand attenuation at each position can change, thereby creating more scatter in the data.
Three-Phase Unstable Flow
Quantitative determinations of oil finger properties can be made using this technique. Finger widths were measured by taking the full width at half maximum (FWHM) in the horizontal profiles. Finger saturations were measured as the average near the center of the profile. These results are summarized in Table 2 . In the initially dry region the oil saturation was close to full saturation (0.30 cm 3 /cm 3 ) and the finger was 2.5-3.0 cm wide (FWHM). In the partially water saturated region the oil saturation was 0.15 cm 3 /cm 3 , roughly one half of the completely saturated value, the finger was 9.0 -10.0 cm wide (FWHM), and the water saturation has a value of 0.05 cm 3 /cm 3 . So not only does the water remain when the oil finger passes, the initial water content creates a much lower oil saturation (and thus higher air situation) within the oil finger.
Comparisons can be made between this three-phase experiment and a similar two-phase experiment performed by Liu et al. [1991] . In Liu's experiment, finger properties were measured as a water finger passed from initially dry sand into partially water wetted sand. Similar qualitative effects were observed: in the initially dry sand the finger was 2.3 cm wide (FWHM) with a saturation of 0.35 cm 3 /cm 3 , while in the partially wetted sand the finger was 5.0 cm wide (FWHM) with a saturation of 0.24 cm 3 /cm 3 . For either invading fluid the increase in the finger widths can be understood through the following argument. In the partially wetted sand the water forms menisci which in turn creates isolated islands of the water or air phases. The invading fluid has to either bypass these islands or force the water out of the pores, resulting in a decrease of the fluid conductivity. The initial water film covering the solid surfaces also enhances the lateral spreading of water and/or oil, the latter of which is a spreading fluid when in contact with water. The simultaneous decrease in conductivity (K) and increase in sorptivity (S) combine to increase the finger width. Experimentally, it is observed that the ratio of the finger widths between the dry and prewetted regions is greater for the oil finger (a factor of 3), than it is for the water finger (a factor of 2). This difference in ratios may be attributed to the fact that the water finger is miscible with the initial water in the soil, while the oil is immiscible. Thus the water flow is blocked or slowed by pores with entrapped air, while the oil flow is blocked by pores with entrapped air or entrapped water. Although the air and water phases partially block the pores, the oil must replace one or both of these phases as it invades a region. For this experiment it appears that generally the oil only replaces the air as it invades the soil, leaving the water in place. The one exception is in the 30/40 sand where the oil finger causes the water saturation to decrease from 0.08 to 0.05 cm 3 /cm 3 . Here the final water saturation value is identical to the final saturation value for 12/20 and 20/30 sands. This saturation is also the value of the so-called irreducible water saturation for all the sands, roughly where the water conductivity becomes negligible.
Summary
Synchrotron radiation opens many possibilities to increase the speed of nondestructive measurements in porous media. For this particular experimental realization, better detector mounts and standard attenuators will make the detectors easier to configure. Faster electronics can be installed to increase the detectors' count rates and the precision further. Large improvements are possible by using custom monochromator crystals. Miscut monochromator crystals will inflate the beam in the vertical direction, thus diminishing the variances caused by coarse soils. One intriguing possibility is the use of a horizontally bent monochromator. This could produce focused dual energy X ray beams which will converge at the sample position but be separated in space elsewhere so that ion chambers can be used for detection. This would eliminate counting statistics and make attenuation measurements arbitrarily fast.
In summary, the power of synchrotron radiation has been used to increase the speed of dual radiation techniques in order to observe unstable three-phase phenomena. The dual energies were provided by the natural harmonic content of the monochromated beam, which can be tuned to the most appropriate energies. The advantages of the synchrotron method over dual gamma are the tunability of the energies and extraordinarily higher intensities. Tunability makes the method easily adaptable to maximize the accuracy for many different experimental requirements; for example, the energies can be chosen to be above and below any absorption edge. The high fluxes allow scintillation detectors to operate at their maximum efficiency. Also different X ray optic configurations may produce even faster nondestructive measurements. A limitation of synchrotron X rays is the variability of the source, and thus the incident radiation must be measured, slightly increasing the experimental error. The method is most applicable to unstable three-phase flow, where the real time saturation measurements of simple oil infiltrations illustrate how the initial water content makes the oil fingers less saturated, wider, and slower moving than fingers in dry sand.
